T he frequency of Alzheimer's disease increases with age. Despite numerous studies, the pathogenesis remains poorly understood. Anatomically, it is characterised by the coexistence of two different types of abnormality: senile plaques, which are extracellular formations with a central compound primarily composed of protein amyloid; and neurofibrillary tangles, which are formed of intracellular paired helical filaments. During Alzheimer's disease, the brain is the seat of considerable oxidative stress. Recent studies have suggested that cardiovascular risk factors such as hypertension, diabetes, and plasma homocysteine could be involved in the pathogenesis of late onset Alzheimer's disease. 1 Homocysteine is formed by demethylation of the essential amino acid methionine. This free methyl group is implicated in the synthesis of numerous brain substrates. 2 Homocysteine is catabolised by two possible pathways: in the first, homocysteine and serine are condensed to form cystathionine; in the second, the remethylation of homocysteine to methionine is dependent on methionine synthase. Vitamin B-12 and folate are the cofactors of this enzyme.
Methylmalonic acid (MMA) is a dicarboxylic acid related to the metabolism of several amino acids. 3 Vitamin B-12 is required as a cofactor in the conversion of methylmalonyl coA to succinyl coA. In vitamin B-12 deficiency, MMA coA is converted to MMA 3 and results in an intracellular increase in MMA followed by increased concentrations in the serum. Homocysteine and MMA are known to be the most sensitive serum markers of early intracellular vitamin B-12 and folate deficiency. 4 5 Folate deficiency results in increased total homocysteine levels. 2 In cobalamin deficiency, cerebrospinal fluid (CSF) levels of homocysteine and MMA are raised but the increase of CSF MMA concentration is more important than that of homocysteine. 6 Several studies have also suggest a direct correlation between Alzheimer's disease and serum total homocysteine levels.
1 Decreased brain and CSF vitamin B-12 and decreased CSF folate have been described in Alzheimer's disease. 5 7-9 These abnormalities could be responsible for modifications to brain metabolism. The diagnosis of mild vitamin B-12 deficiency is often difficult. CSF total homocysteine and CSF MMA could be considered as markers of early folate or B-12 functional deficiency at neuronal level.
Our aims in this study were to determine CSF levels of total homocysteine and MMA during aging and in Alzheimer's disease, and to determine whether an increase in total homocysteine and MMA concentration in the CSF could be implicated in the pathophysiology of Alzheimer's disease.
METHODS

Patients
Four groups of subjects were studied. In the first three, CSF samples were obtained by lumbar puncture done to rule out a neurological disease such as meningitis or subarachnoid haemorrhage or to carry out diagnostic myelography. In all CSF samples, protein levels were less than 0.60 g/l and the cell count less than three cells/ml. CSF specimens were processed for their intended use and then frozen at 260˚.
The groups were as follows: No patient had received drugs that could affect homocysteine, folate, or vitamin B-12 metabolism.
Analyses
CSF homocysteine
CSF total homocysteine was determined by high performance liquid chromatography (HPLC) coupled to fluorescence detection. 10 
CSF MMA
Cerebrospinal fluid MMA was measured by capillary gas chromatography-mass spectrometry.
11
Statistical analysis
The computer program GraphPad Prism 3.00 (GraphPad Software, San Diego, California, USA) was used for all data analyses and statistics. The Gaussian distribution of the population was assessed by a Kolmogorov-Smimov test. Analysis of variance (ANOVA) with the Newman-Keuls post-test was undertaken for all group comparisons. The change in CSF homocysteine and MMA concentrations with age was quantified using Spearman correlation followed by linear regression.
RESULTS
In the youngest group (,20 years), the mean (SD) concentration of total homocysteine in the CSF was 57 (35) nmol/l, significantly lower (p,0.001) than the mean concentration in the elderly control group (123 (89) nmol/l) or the Alzheimer group (115 (62) nmol/l) ( fig 1A) . The mean concentration in the 21 to 60 year old group (72 (39) nmol/l) was lower (p,0.01) than in the elderly group or the Alzheimer group ( fig 1A) . The concentrations of total homocysteine in the elderly control group and in the Alzheimer group were not significantly different. The concentration of CSF homocysteine increased progressively with aging (n = 87; r = 0.4; p,0.0001) (fig 1B) .
The mean concentrations of CSF MMA were not significantly different in the elderly control group (38 (13) ng/ml) and the Alzheimer group (35 (14) ng/ml). In the youngest group, the concentration of CSF MMA was higher (at 60 (15) ng/ml; p,0.001) than in the elderly control group or the Alzheimer group ( fig 1C) . Levels of CSF MMA fell significantly with age (r = 20.5897, p,0.0001).
In the Alzheimer group, no correlation was found between the serum folate and CSF homocysteine, or between serum vitamin B-12 and CSF MMA or CSF homocysteine.
DISCUSSION
Our results show a progressive increase in CSF total homocysteine and a decrease in CSF MMA in elderly subjects and patients with Alzheimer's disease. The decrease in CSF MMA was unexpected as serum levels have been found to increase with age. 4 Homocysteine and MMA are neurotoxic and could be implicated in the pathogenesis of Alzheimer's disease. In vitro, neurones are sensitive to extracellular homocysteine. This amino acid promotes apoptosis in cultures of rat hippocampal neurones by induction of excitotoxicity, favours b amyloid toxicity, induces oxidative stress, impairs endothelial function, and increases vascular medial thickness. 1 2 MMA can induce neuronal damage in vitro, probably by non-specific stimulation of the NMDA receptor, allowing a rise in intracellular glutamate and thereby inducing apoptosis. 12 Hyperhomocysteinaemia is a major vascular risk factor and is associated with an increased risk of silent brain infarction, stroke, and carotid atherosclerosis. 13 The role of vascular factors seems important in the pathogenesis of Alzheimer's disease. 14 Plasma homocysteine has been found to be increased in patients with vascular dementia and in histologically confirmed Alzheimer's disease. 15 In the present study, we found a similar increase in CSF total homocysteine levels in the elderly control group and in the Alzheimer's disease group; this suggests that the increase is not deleterious at a neuronal level in Alzheimer patients.
Impaired permeability of the blood-brain barrier could explain the raised CSF total homocysteine levels but not the decrease in CSF MMA that we found. In aging, folate and vitamin B-12 status is still a subject of discussion. 4 7 16 17 Several studies have shown that the serum and CSF levels of these vitamins are low in non-demented elderly people and in patients with Alzheimer's disease. However, vitamin and amino acid concentrations do not vary in parallel in the CSF and serum. The choroid plexuses are the blood brain-barrier site where active transport occurs for numerous molecules such as amino acids and vitamins B and C, facilitated by specific carriers 18 which are half saturated. In the case of serum deficiency, these carriers could be recruited to prevent variations in CSF levels. At this time, no homocysteine or MMA carrier have yet been described and no correlation between CSF and plasma total homocysteine, or between CSF and plasma MMA, has been found. 3 19 The lack of carrier suggests that the brain is the chief origin of CSF MMA and CSF homocysteine. This hypothesis is supported by the fact that when methotrexate, an antifolate drug, is instilled into the ventricular cavity it induces profound changes in cerebrospinal fluid chemistry characterised by a rapid depletion of CSF folate followed by a marked increase in CSF total homocysteine. 20 To interpret our results, it is also necessary to take into account the rate of secretion of CSF by the choroid plexuses. CSF flow is reduced in aging, and in Alzheimer's disease this decrease is greater. 21 According to Rapoport et al, 22 the combination of MMA (or homocysteine) levels and CSF flow may be more useful for studying the production of these brain metabolites than MMA (or homocysteine) levels alone. Our study suggests a decreased brain production and a lack of deficiency of folate or vitamin B-12 at neuronal level. This decline is in keeping with brain atrophy caused by aging or Alzheimer's disease.
